Circulating androgen levels are often used as indicators of physiological or pathological conditions. More than half of the variance for circulating androgen levels is thought to be genetically influenced. A genomewide association study (GWAS) has identified two loci, SHBG at 17p13 and FAM9B at Xp22, for serum testosterone (T) levels; however, these explain only a small fraction of inter-individual variability. To identify additional genetic determinants of androgen levels, a GWAS of baseline serum T and dihydrotestosterone (DHT) levels was conducted in 3225 men of European ancestry from the REduction by DUtasteride of Prostate Cancer Events (REDUCE) study. Cross-validation was used to confirm the observed associations between the drug (n 5 1581) and placebo (n 5 1644) groups of REDUCE. In addition to confirming the associations of two known loci with serum T levels (rs727428 in SHBG: P 5 1.26 3 10 212 ; rs5934505 in FAM9B: P 5 1.61 3 10 28 ), we identified a new locus, JMJD1C at 10q21 that was associated with serum T levels at a genome-wide significance level (rs10822184: P 5 1.12 3 10 28 ). We also observed that the SHBG locus was associated with serum DHT levels (rs727428: P 5 1.47 3 10 211 ). Moreover, two additional variants in SHBG [rs72829446, in strong linkage equilibrium with the missense variant D356N (rs6259), and rs1799941] were also independently associated with circulating androgen levels in a statistical scale. These three loci (JMJD1C, SHBG and FAM9B) were estimated to account for ∼5.3 and 4.1% of the variance of serum T and DHT levels. Our findings may provide new insights into the regulation of circulating androgens and potential targets for androgen-based therapy.
INTRODUCTION
Androgens are male sex steroids derived from cholesterol and are essential for gender determination and maturation in men (1) . Circulating levels of androgens are important physiological or pathological markers for several human diseases (such as benign prostatic hyperplasia and prostate cancer) and disorders (such as hypogonadism and congenital adrenal hyperplasia) as well as responses to androgen-based therapies (2) . Testosterone (T) and dihydrotestosterone (DHT) are the two major androgens in men. T is the major male androgen in circulation, while DHT is the principal androgen in the prostate and hair follicle. About 90% of circulating T is secreted by Leydig cells in the testis (3) . In contrast, only 25% of circulating DHT is produced in the testis, with most of the DHT ( 70%) arising from conversion † G.J. and J.S. contributed equally to this work. of T in peripheral tissues (such as that of the prostate and skin) via 5a-reductase (4) .
Evidence from twin studies has showed that more than half of the variance for circulating androgens levels is accounted by genetic factors (5, 6) . Recently, Ohlsson et al. (7) performed a meta-analysis of genome-wide association studies (GWASs) of serum T concentration in men and identified two loci of SHBG (sex hormone-binding globulin) at 17p13 [lead single nucleotide polymorphisms (SNPs): rs12150660 and rs6258] and FAM9B (family with sequence similarity 9, member B) at Xp22 (lead SNP: rs5934505) that were significantly associated with T levels. However, each variant conferred a modest effect and explained only a small fraction (0.6 -2.3%) of inter-individual variability in serum T levels. This suggests that additional sequence variants influencing T levels remain to be discovered. In addition, no studies have reported genetic determinants for serum DHT levels to date.
To further understand the heritability of the circulating androgen levels, we conducted GWAS of baseline serum T and DHT levels in 3225 men of European descent within the REduction by DUtasteride of Prostate Cancer Events (REDUCE) study. The loci identified as associated with circulating androgen levels were also tested for association with serum prostatespecific antigen (PSA) levels and prostate volume at the baseline, and prostate cancer risk during a 4-year follow-up.
RESULTS
A total of 642 461 genotyped SNPs in 3225 individuals (Supplementary Material, Table S1 ) were analyzed for associations between SNPs and serum levels of the androgens T and DHT. The -log 10 P-values by chromosome location for T and DHT are shown in Figure 1A and B, respectively. Q -Q plots for T and DHT are presented in Supplementary Material, Figure S1 ; the estimated inflation factors were modest (l ¼ 1.05 for T and 1.02 for DHT) and thus the reported P-values are not corrected for genomic inflation. As shown in Supplementary Material, Table S2 , a total of 13 SNPs reached the genome-wide significance level (,5 × 10
28
) for associations with T. Of these 13 SNPs, 4 were at 10q21 (lowest P-value of 1.20 × 10 28 seen for rs10822186), 8 at 17p13 (lowest P-value of 1.26 × 10 212 seen for rs727428) and 1 at Xp22 (rs5934505: P ¼ 1.61 × 10
). For associations with DHT, there were nine significant SNPs, all of which are located at 17p13, with the most significant SNP being rs727428 (P ¼ 1.47 × 10
211
). SNP rs727428 was the most significant locus associated with both T and DHT. Significant association results were consistently observed among the two treatment groups (drug group: 1581 subjects and placebo group: 1644 subjects) for 10q21, 17p13 and Xp22 (Supplementary Material, Results; Supplementary Material, Table S3 ).
We identified a novel locus at 10q21 (rs10822186: P ¼ 1.20 × 10
28
; Table 1 ) that was associated with serum T levels at a genome-wide level of significance. To fine map the 10q21 region, we imputed additional SNPs at the region of chr10:64430000-65070000. As shown in Figure 2 and Supplementary Material, Table S4 , 661 SNPs (including 69 genotyped and 592 imputed) were evaluated for association with T level. The most significant result was for rs10822184, an imputed SNP (P ¼ 1.12 × 10
), which was in strong linkage disequilibrium (LD) (r 2 ¼ 0.99) with the genotyped SNP rs10822186 (Table 1) . After adjusting for rs10822184, none of the other SNPs at 10q21 remained significantly associated with T at P , 7.56 × 10 25 (0.05/661, the number of SNPs tested at this locus), suggesting no additional independent loci exist in this region. In addition, we found both rs10822184 and rs10822186 to be suggestively associated Table S4 ). The SNP rs10822184 was estimated to account for 1.1 and 0.4% of the variance in serum T and DHT levels, respectively.
We also confirmed the locus 17p13 associated with T in the study of Ohlsson et al. (7) . The two previously reported SNPs, rs12150660 and rs6258, were not directly genotyped in our study, thus an imputation analysis was performed to infer known untyped SNPs at 17p13 (chr17:7255000-7540000) based on combined data from the 1000 Genomes and HapMap3 projects. The most significant SNP for both T and DHT remained rs727428 (Supplementary Material, Table S5 ). The known SNP rs12150660 was confirmed as associated with both T and DHT, exceeding the level of genome-wide significance (P ¼ 7.47 × 10 211 and 9.09 × 10
29
, respectively). The other reported SNP, rs6258, was in a low frequency [minor allele frequency (MAF) ¼ 0.004] and was also confirmed as associated with T and DHT (P ¼ 1.53 × 10 24 and 5.53 × 10
23
, respectively). We performed a stepwise conditional analysis to assess independent association with androgen levels for the most significant SNP in our study (rs727428), two previously reported SNPs (rs12150660 and rs6258) and other SNPs in the region. After adjusting for rs727428 (named as region A), two additional SNPs (rs72829446 and rs1799941) remained significantly associated with T (P ¼ 5.77 × 10 28 and 1.53 × 10
25
, respectively) and DHT (P ¼ 9.46 × 10 210 and 1.06 × 10
24
, respectively) ( Table 1) , and were named as regions B and C, respectively. No other SNPs at 17p13 were associated with T or DHT at P , 1.54 × 10 24 (0.05/ 325, the number of SNPs tested at this locus). As shown in Supplementary Material, Figure S2 , the SNP rs727428 at region A is in modest LD with rs1799941 at region B (r 2 ¼ 0.23), and with rs72829446 at region C (r 2 ¼ 0.14). Low LD is found between SNPs rs1799941 at region B and rs72829446 at region C (r 2 ¼ 0.03). The SNP rs1799941 (region C) is in strong LD with the previously reported SNP rs12150660 (r 2 ¼ 0.94). None of the above three independent SNPs is in LD with another reported SNP rs6258 (r 2 ¼ 0). In total, the combination of these three SNPs is estimated to account for 3% of the variance in serum T or DHT levels ( Table 1) . Notably for region C, the imputed SNP rs72829446 is in strong LD with the genotyped SNP rs6259 (r 2 ¼ 0.88), a non-synonymous variant at codon 356 of the SHBG gene, which was also significantly associated with T ) after conditioning on rs727428 (Table 1) .
Our results confirmed the associations of Xp22 with T identified previously by Ohlsson et al. (7) . In the current study, rs5934505 was the most significant SNP at Xp22 (P ¼ 1.61 × 10
28
) associated with serum T levels (Table 1) , which is same as reported by Ohlsson et al. (7) . This variant was estimated to account for 1.0% of the variance in serum T levels. We also observed that this SNP was associated with serum DHT levels, having a P-value of 1.10 × 10
25
. None of the other SNPs at Xp22 was associated with T or DHT at P , 0.01 after conditioning on rs5934505.
When the independent SNPs at 10q21 (rs10822184), 17p13 (rs727428, rs72829446 and rs1799941) and Xp22 (rs5934505) were included in a multivariate linear regression model, these five SNPs were estimated to account for a total of 5.31 and 4.12% of the observed variance in serum T and DHT levels, respectively (Supplementary Material, Table S6 ). We further examined the association between each of these five SNPs with serum PSA levels, prostate volume and prostate cancer risk in the participants from REDUCE. Only marginal associations were observed between rs10822184 at 10q21 and baseline serum PSA (P ¼ 0.017), prostate volume (P ¼ 0. Tables S7 and S8 ). The pleiotropy effects of rs10822184 with the above prostate-related traits were not statistically significant if multiple testing corrections were applied.
DISCUSSION
In this study, we identified a new locus at 10q21that were associated with serum androgen levels using a genome-wide association approach in 3225 men of European descent, and confirmed two loci at 17p13 and Xp22 that were reported by Ohlsson et al. (7) . Our results further indicate that three genetic markers (rs727428, rs72829446 and rs179941) at 17p13 were independently associated with androgen levels in a statistical scale. Results of this study may provide important insight into the regulation of endogenous androgen concentrations, and may also have some clinical relevance for other diseases and disorders that are influenced by androgens, such as type 2 diabetes (8), vascular disease (9) and metabolic syndrome (10) .
Although the association with serum androgen levels at 10q21 was not described in the original published meta-analysis of Ohlsson et al (7), supporting evidence for the association existed in the meta-analysis (personal communication with Dr Ohlsson). The lead SNP at 10q21 (rs10822186) was significantly associated with serum androgen level in their meta-analysis of 8938 men from seven cohorts (P ¼ 3.09 × 10 23 , Supplementary Material, Table S9 ). This independent confirmation increases the confidence that the new locus likely represents a true association. Of interest, SNPs within the 10q21 locus have been associated with blood lipoprotein levels (rs7923609, rs12768534 and rs10761731) (11, 12) and plasma alkaline phosphatase levels (rs12355784 and rs10761779) (13) in previous GWAS. These SNPs are in strong LD with rs10822184 (r 2 ≥ 0.7) and also significantly associated with T and DHT levels (Supplementary Material, Table S10 ). Four genes (JMJD1C, NRBF2, MIR1296 and LOC84989) are located in the identified 10q21 region. Of these genes, JMJD1C looks to be the most possible candidate because a previous study shows that JMJD1C may have transcriptional regulatory functions in the development of mouse testis and may regulate the metabolism of cholesterol to testosterone through coordinated regulation of histone methylation and demethylation (14) . Thus, it is biologically plausible that genetic variants in JMJD1C may modify circulating androgen levels, given that 90% of circulating T is secreted by the testis in humans (4). Interestingly, one of the SNPs (rs7910927) located in JMJD1C was also recently reported to be significantly associated with circulating SHBG concentrations through a GWAS meta-analysis (40) . It is unknown which of the identified 10q21 SNPs, if any, may be functional, because the 146 SNPs that remained significant even after Bonferroni correction (Supplementary Material, Table S4 ), including rs10822184 and rs10822186, are all located in intronic or intergenic regions; it is also possible that the functional SNP has yet to be identified.
Although multiple genes localize to 17p13, one likely candidate gene is the well-known SHBG. The primary function of SHBG is to bind circulating sex hormones (such as androgens and estrogens) thereby influencing the hormones' bioavailable fractions and sequestering the circulating hormones from biologic action (15) . There is some evidence suggesting that SHBG may also play a role in steroid signaling, through binding to a cell membrane receptor (RSHBG) and inducing cAMP synthesis (16) . In the circulation, 50-60% of T is bound to SHBG, 40-50% is bound loosely to albumin and 1 -2% is in a free state (4), whereas serum DHT levels are only 10% of the serum levels of T (17) .
In the circulation, T and DHT levels are positively correlated to SHBG levels (18) . Previous studies have shown that some genetic variants of SHBG are associated with circulating levels of SHBG and sex hormones. For rs6259, a nonsynonymous variant that results in the substitution of asparagines for aspartic acid at codon 356 (D356N, also known as D327N) in exon 8 of SHBG, the variant allele has been associated with decreased SHBG's metabolic clearance rate in animal models (19) . Consistently, the variant allele has been associated with increased SHBG levels in most (20) (21) (22) (23) (24) (25) but not all (26, 27) studies. This variant has also been associated with blood T levels in a previous study (25) . In the current study, we found this non-synonymous variant, in strong LD with rs72829446 (r 2 ¼ 0.88), was independently associated with both T and DHT levels, which may be explained as a result of SHBG levels regulated by rs6259.
In the GWAS conducted by Ohlsson et al. (7), rs12150660 was identified as an independent variant associated with serum T levels. In the current study, we found this variant was also significantly associated with T and DHT levels and in strong LD with the independent SNP rs1799941 (r 2 ¼ 0.94). For rs1799941, located eight nucleotides upstream of the transcriptional start point of SHBG, its variant allele has been shown to be strongly associated with circulating levels of SHBG (20, 23, 26, (28) (29) (30) (31) , T (29, 30) and DHT (28) . This variant is in strong LD with a (TAAAA) n pentanucleotide (23, 30) . This repeat polymorphism has been found to influence the transcription of SHBG through its interactions with downstream elements, including an SP1 binding site, and may contribute to differences in plasma SHBG levels between individuals (32).
The SNP rs727428 was the most significant variant at 17p13 associated with T and DHT levels. The SNP rs727428 has also been previously associated with blood SHBG levels (23, 26) . This variant is 1.1 kb downstream of the 3 ′ -end of SHBG and is thought to influence transcription factor binding directly or indirectly due to its strong LD with a promoter variant (rs858518) in SHBG (23) . Taken together with our findings, the mechanism by which altered levels of circulating androgens are influenced by rs724828 at 17p13 warrant further functional studies.
Of note, the above three independent SNPs at 17p13 were identified in terms of statistical scale. No obvious recombination hotspots or separated LD blocks were observed between these three SNPs. In addition, the non-synonymous SNP rs6258 (P156L) in exon 4 of SHBG, which was shown to affect SHBG's affinity for binding T and the measured free T fraction, and identified as an independent locus for serum T levels by Ohlsson et al. (7), was not identified as independent SNP in the current study according to the predefined criteria (P , 1.54 × 10 24 after stepwise regression analysis). Though the effect of this SNP could not be explained by the above three SNPs because no LDs are observed (Supplementary Material, Fig. S2 ), its relative low frequency (MAF ¼ 0.004) might reduce the statistical power in this study.
We confirmed the genome-wide significant association of SNP rs5934505 at Xp22 with serum androgen levels that were originally reported by Ohlsson et al. (7) . This variant is located 79 kb downstream of FAM9B and 145 kb upstream of FAM9A (family with sequence similarity 9, member A). FAM9B and FAM9A share 46% amino acid identity and are expressed exclusively in the testis (33) . The region consisting of FAM9B and FAM9A at Xp22 can be involved in a translocation with chromosome 10q24 (33) . However, very little is known about the biological functions of these two genes.
Limitations of our study should be noted. First, the variants at 10q21, 17p13 and Xp22 only account for a small proportion of the overall observed variance in serum T and DHT levels. This suggests there may be other genetic determinants of serum androgen levels that remain unknown. Secondly, the statistical power of our study may be relatively limited, especially for assessing the association between SNPs and risk of prostate cancer, given that there were only 410 prostate cancer cases, and 124 with aggressive disease, among 1644 individuals in the placebo group. Thus, future studies with larger sample size may be needed to confirm and extend our findings in other populations.
In conclusion, we confirmed two loci, SHBG at 17p13and FAM9B at Xp22, and identified a new locus, JMJD1C at 10q21, as associated with circulating androgen levels, which are estimated to account for 5.3 and 4.1% of the variances observed for serum T and DHT levels, respectively. These findings provide new insights into the regulation of circulating androgen levels and may be of clinical relevance for androgen-related diseases.
MATERIALS AND METHODS

Study subjects
Subjects included in this study came from the REDUCE study, a multicenter, randomized, double-blind, placebo-controlled clinical trial, which was designed to evaluate the clinical value of dutasteride, a dual-5a-reductase inhibitor, in reducing the risk of incident prostate cancer. Details of the REDUCE study design and implementation have been described elsewhere (34, 35) . Briefly, men were enrolled if they were 50-75 years old; had a serum PSA level of 2.5 -10.0 ng per milliliter; and had undergone a single prostate biopsy within 6 months before enrollment. Men were excluded if they had any of the following items: (i) undergone more than one biopsy; (ii) had prostate cancer of any grade, high-grade intraepithelial neoplasia, atypical small acinar proliferation, a history of prostate cancer or a prostate volume .80 ml; (iii) had undergone previous prostate surgery; or (iv) had an International Prostate Symptom Score of 25 or higher, or 20 or higher in the case of men taking alpha-blockers. For the current study, we included 3239 men of European descent who consented for genetic studies in REDUCE (drug group: 1585 subjects and placebo group: 1654 subjects). The characteristics of these 3239 participants were similar to the 2918 participants who did not provide consent for genetic studies (Supplementary Material, Table S1 ). For examining the associations of identified SNPs with prostate cancer risk, we restricted our study subjects to only the placebo group, using case-and non-case status after 4 years of follow-up (410 of 1654 men in the placebo group developed prostate cancer within this follow-up period). We further examined the identified SNPs for association with aggressive prostate cancer, defined as men (n ¼ 124) that developed prostate cancer with a Gleason score of 7 or higher, stage T3b or higher, and/or were lymph node or metastasis positive (N+ or M+, respectively).
Measurement of serum levels of PSA, T and DHT and prostate volume Serum levels of PSA at baseline were determined with an enzyme immunoassay at Quest Diagnostics (Van Nuys, CA, USA and Heston, Middlesex, UK). Serum testosterone levels were determined with a radioimmunoassay at Quest Diagnostics (San Juan Capistrano, CA, USA). Serum DHT levels were determined with a radioimmunoassay at Quest Diagnostics, Nichols Institute (San Juan Capistrano). Transrectal ultrasonography measurements by individual REDUCE investigators were used to calculate prostate volume in the formula: p/6 (anteroposterior width × cephalocaudal width ×transverse width).
Genotyping and imputation
DNA samples were genotyped using the Illumina HumanOmniExpress BeadChip, consisting of 729 755 SNPs, at the Center for Cancer Genomics, Wake Forest University. All 3225 samples genotyped (14 samples were not genotyped due to poor DNA quality) had a genome-wide call rate of ≥95% with an overall call rate of 99.7%; no individuals To infer genotypes of SNPs that were not genotyped, we applied the IMPUTE computer program (36) using the combined data of the 1000 Genomes low-coverage pilot project and HapMap3 data as reference haplotype maps. A posterior probability of .0.90 was applied to call genotypes that were imputed from IMPUTE and the same QC procedure for excluding genotyped SNPs was applied to imputed SNPs.
Statistical analysis
A linear regression model was used to analyze the association of each SNP with quantitative traits, assuming an additive genetic model, as implemented in the PLINK software package (37). To limit potential bias due to deviation from normality of T and DHT, we tested associations after log transformation. Population stratification was estimated by a principal component approach, as implemented by the EIGENSTRAT software (38) . The top Eigenvector as well as age was adjusted for as covariates in the linear regression analysis. A P of 5 × 10 28 was used as cutoff for genome-wide significance.
To confirm the significant loci from the analysis using the entire data set and to identify additional SNPs that were associated with baseline T or DHT but may not have reached genome-wide significance level, separate analysis was further performed to test consistent associations by partitioning based on the REDUCE treatment group (drug and placebo). Associations were considered true if P-values were ,1 × 10 23 and had the same direction of effect in both the groups. For the regions that were genome-wide associated with T or DHT levels, known ungenotyped SNPs were imputed and conditional analysis was applied to test the independence of SNPs in stepwise manner, using the originally significant SNPs as covariates for subsequent analyses. The significance level for the independence test was defined as the Bonferroni-corrected significance level (0.05/n) according to the number of SNPs (n) tested in a given region.
T-or DHT-related SNPs were tested for association with baseline PSA levels and prostate volume using linear regression models adjusted for age and the top Eigenvector. The effects of identified SNPs on prostate cancer risk were further evaluated in the REDUCE placebo group. Cumulative incidence of prostate cancer among different genotype groups was used to estimate the RRs and 95% CIs for prostate cancer risk using log-binomial regression models (39) . A similar approach was also applied to evaluate the relationship of SNPs with aggressive prostate cancer risk.
